The urban underground environment is under continuous development as the infrastructure ages and new technologies are added to the existing networks. Design, construction, installation, and repair in this ever-changing environment can benefit significantly from high-resolution imaging to acquire adequate subsurface characterization. This paper documents the development of MEMS accelerometers as a low-cost alternative sensor to geophones and piezocrystal accelerometers for monitoring wave propagation in soils. The experimental study includes an evaluation of limitations and the development of a simple packaging system for the broad application of MEMS in the geoenvironment. The calibrated accelerometers are used to monitor elastic wave propagation for the evaluation of changes in the effective state of stress within a 1g model of a braced excavation. The experimental program captures the effects of load and deformation as elastic waves propagate behind a sheet-pile system. Results hint at the development of long-term non-destructive monitoring systems for the diagnostics and control of geotechnical processes.
Introduction
Geotechnical engineering is a field in which construction is conducted with a wide variety of non-homogeneous materials and the true properties of a site are seldom precisely known. Instead, a range of possible values is given and a decision is made as to what values seem most applicable (Dunnicliff 1993) . This is why monitoring has become a mainstay in the field. The use of monitoring systems is conducted in order to determine if the finished product is operating correctly both for safety concerns and efficiency matters. Data from installed monitoring systems could be used to evaluate construction processes and to avoid costly failures which potentially assist in the development of more efficient design methodologies However, in most cases, the vast size of these systems makes them both difficult and expensive to monitor. One of the major drawbacks to today's monitoring systems is that the sensors are too expensive to purchase and install in the quantities that would be needed to create the kind of dense instrumentation array which would allow very intricate knowledge of the behavior of geostructures. To address this problem in practice, critical locations are determined and monitored by specialized equipment, which can either relay any pertinent information via communication link to a data acquisition system or require a work crew to come to the location and take readings. While there are systems in place that utilize real time response (i.e., automatic update monitoring), they are typically expensive and rather limited in size.
This study evaluates the Analog Devices ADXL250 MEMS accelerometers for their application to geotechnical problems. This research determines whether these inexpensive and readily available sensors along with wave propagation techniques can be applied in the field of geotechnical process monitoring. The objectives of this study are two. The first objective is the calibration and adaptation of the ADXL250 accelerometers and the second is conducting tests for geoengineering applications. While the manufacturer calibrates the instruments prior to making them commercially available, their intended application is not for the harsh geoenvironment. Then, the sensors are prepared to make them mechanical, water and chemical resistant so they can survive typical geotechnical actions.
The most important aspects of accelerometer's calibration are sensitivity and frequency range. Both of these properties help specify what type of applications the MEMS accelerometer is best suited for in the field. Once the calibration is completed, a technique is developed to adapt the MEMS to the geoenvironment. After the instrument is successfully sealed, it is tested in corrosive environments in order to determine the efficiency of the sealing technique applied. Finally, the MEMS accelerometers are used in a laboratory model of a braced excavation to monitor the changes in the state of effective stresses behind a sheet pile.
MEMS Accelerometer Description, Packaging and Calibration

General Overview
MEMS is an acronym for Micro-Electro-Mechanical Systems and refers to "a collection of microsensors and actuators which can sense and manipulate its environment and have the ability to react to changes in that environment with the use of microcircuit control" (Varadan et al. 2003) . MEMS have been used for some time now, but they were mostly overlooked in Geotechnical Engineering applications. MEMS are developed at very small scales in much the same way as a computer chip. The process of fabrication is usually based on either a surface micromachining or bulk micromachining technique, These manufacturing techniques as well as the low power requirements have allowed MEMS manufacturers to continuously create smaller and smaller sensors and actuator systems. These systems have begun to replace the macro equivalents in industry due to their difference in size, durability, accuracy, speed, and cost. The size of MEMS has also produced a variety of new possibilities in the world of science that were deemed unfeasible prior to their development (Gardner et al. 2001) .
MEMS Accelerometers
The ADXL250 accelerometer is a surface micro machined accelerometer which uses the concept of differential capacitance to sense acceleration. Some of the general characteristics of the ADXL250 are its ability to measure up to 50 g while still being able to discern down to 10 -5 g. It can also measure acceleration in two orthogonal directions, which allows for added capabilities. Table 1 presents summary comparison between ADXL250 accelerometer with the different characteristics compared against other accelerometer types.
The Analog Devices ADXL250 MEMS accelerometers are dual-axis ( Figure 1 ). The accelerometers are powered with 4 to 5 V DC voltage. The current consumption is typically 3.5 mA. These MEMs accelerometers are chosen for this study because they can be simply connected by soldering the leads to fine cables as the only circuit needed (Figure 2) . A real weakness for the accelerometer is brought to light by the circuitry connections. The ADXL250 requires multiple connections to external circuitry to provide power and to record the signal. This is troublesome because these connections are not likely to be as robust as the ADXL250 itself causing the wiring to breakdown although the instrument is undamaged. This is specifically troubling within civil engineering where the environment in the field can be very harsh. Then, one of the goals of this study is to find an inexpensive way to seal and protect the connections and electronics from the harsh external conditions they may encounter. 
MEMS Packaging
To use MEMS accelerometers in geotechnical applications, the response of the transducers are evaluated and the proper mechanical and electrical protection are provided. Figure 2 presents the proposed MEMS connection and packaging. The wiring connection is simple performed by soldering fine wire to the contact points and then dipping the sensor in an epoxi resin that provides mechanical strength to the connections and isolates the wiring against water and chemical actions. 
MEMS Calibration
To evaluate the sensitivity and frequency range of the MEMS, various tests are run using the ADXL250 accelerometers and calibrated miniature PCB 352C22 piezocrystal accelerometer. Using the PCB accelerometer as a benchmark, the two accelerometers are excited simultaneously to evaluate the frequency of operation (Figure 3) . The results were analyzed suing the coherence function (Santamarina and Fratta 2005) :
where X and Z are the discrete Fourier Transform of the input and output signals as collected by the PCB piezocrystal accelerometer and by the MEMS accelerometer, avg indicates the average of several collected signals (eight signals for this study), and the bar indicates the conjugate of the complex number. The coherence function indicates how much of the energy in the output signal is caused by energy in the input signal. When the coherence function yields values close to one, it indicates that the system is responding to presence of an input signal. Figure  3b shows that the range of frequency response of the MEMS accelerometer is approximately 2.5 kHz. These results seem to contradict published Analog Devices specification for the sensor (frequency range is specified to be 900 Hz).
To evaluate this seemly contradiction, another calibration test is run. Figure 4 presents a sketch of the test setup. In this system, a steel rod that behaves as a cantilever beam is excited in the first mode as the two accelerometers monitor the vibration. The response of the calibrated PCB accelerometer is compared against the MEMS accelerometer response. The ratio of the two responses yields the sensitivity of the MEMS accelerometer (for more details see Hoffman 2004 ). These tests are repeated for a total of eight different MEMS accelerometers and different cantilever length (different natural frequencies). Using the compiled data, the mean sensitivity and standard deviation is determined for each frequency. Figure 5 shows the results for each of the tested frequencies. The mean sensitivity for each frequency falls within the range of sensitivities given by the manufacturer (33 to 43 mV/gAnalog Devices 2003). Furthermore, noise in the response greatly increases at frequencies greater about 900 Hz providing an upper limit in the frequency response of the sensor. Finally, the effectiveness of the low-cost isolation and mechanical protection of the MEMS accelerometers is tested by submerging the sensor in a NaCl solution and monitoring the accelerometer response using impulse excitations. The MEMS accelerometer response was monitored over time (up to two weeks). The accelerometers performed under water without a glitch. Percent error at a given frequency of excitation and limit for acceptable frequency range.
Application of Low-Cost MEMS Accelerometer in Geotechnical Engineering Monitoring
Earth pressure problems are some of the oldest addressed by geotechnical engineers. Braced excavations are structures used to facilitate construction advancement in limited spaces. Whatever the reason for the use of a braced excavation, a better understanding of the effective stress distribution subjected to the loading cases seen within these systems is needed to help advance the technology of the field. The area that is of primary importance to this study is 
Acceptable frequency range the ability to obtain images of the state of stress distribution around a geostructures by means of elastic wave propagation monitoring. While in the past these studies were expensive due to the costs of sensors and data acquisition systems, ever developing electronics technologies have created cheaper monitoring systems. Given the monitoring costs, the next step is simply education and acceptance of the techniques. While this paper is not designed specifically to develop tomographic techniques, it will help promote MEMS's capabilities through the use of the braced excavation problem.
Braced Excavation Laboratory Model
A prismatic wood container with internal dimensions equal to 0.61 m×0.61 m×1.22 m is selected to reduce the amount of material weight required to fill the container (see Figure 6a) . The test setup includes two sheet piles, braces and reaction frames that allows the application of vertical loads behind the sheet piles. The setup includes a complete instrumentation system: load cells, strain gauges, piezocrystal bender elements, LVDT's, MEMS accelerometers, and MEMS inclinometers (for details refer to Hoffman 2004) . In this paper, only the wave propagation results are presented. The tested specimen is clean sand (mean particle size D 50 =0.35 mm & friction angle φ=43°) compacted using a vibratory compactor (unit weight γ=16 kN/m 3 ). Figure 6b shows the arrangement of bender element sources and MEMS accelerometers for the monitoring of horizontally polarized S-waves. S-wave velocity is related to the state of effective stress by a power relationship (Roessler 1979) . Therefore they can be used to monitor changes in the state of effective stresses in foundation soils (Santamarina et al. 1994) . In this test, the apparent S-wave velocity (straight rays are assumed) is monitored while the external vertical stress behind the sheetpiles is increased. The S-wave velocity is also monitored after the soil within the sheetpiles is excavated. Both processes change the effective stresses in the soil and these changes are reflected in the shiftlessness of the material and in the S-wave velocity. 
Wave Propagation Testing
Test Results
The S-wave velocity profiles are presented in Figure 7 . As the external vertical stress is increased, the effective stresses and the S-wave velocity in the soil increase. This increase in velocity is greater towards the surface as the induced stresses are greater, closer to the external forces source (recall Boussinesq's solution for induced stresses). It is also interesting to see that the wave velocity tends to increase with depth. This observation may be puzzling at first sight but it truly shows the nature of S-wave propagation in granular materials: the S-wave velocity depends on the effective stresses in the direction of wave propagation and in the direction of particle motion (Roessler 1979) . As the ray path becomes increasingly vertical, the waves tend to capture the effect of vertical stresses that is the greatest in this test setup, thus increasing the wave velocity. Finally, the excavation of the soil relaxes the sheetpiles that now can expand and reduce the acting horizontal effective stresses. This reduction in stresses is confirmed by the reduction in S-wave velocity as shown with the dashed lines in Figure 7 . 
Conclusions
This paper presents the results of the calibration of MEMS accelerometers for their application in the monitoring of geotechnical engineering systems. Improvement of the MEMS accelerometers packaging was an essential step in the possible applications of low-cost sensors into the field of geotechnical engineering. The MEMS accelerometers were employed in the monitoring of elastic wave propagation for the monitoring of changes in the state of effective stresses behind a model of a brace excavation system. Obtained results show the importance of monitoring to evaluate the distribution of stresses during loading and unloading processes, especially behind flexible retaining wall systems. 
